Abstract: Eight shear wall specimens sheathed with 11 mm structural oriented strand board panels were assembled with overdriven sheathing nails and tested using a pseudo-dynamic procedure. Specimens used 38ϫ89 mm Douglas Fir-Larch framing members and 8d cooler, gun-driven sheathing nails. Four overdriven nail depths were considered: flush, 1.6, 3.2, and 4.8 mm. Nails were spaced at 76 mm on center along the edges and 305 mm on center along intermediate supports. Edge nailing distance was 9.5 mm. Two specimens were constructed for each aforementioned overdriven depth. To determine a lower bound on capacity, 100% of the sheathing nails in a specimen were driven to the specified depth. Results from this study indicate that any level of sheathing-nail overdrive will reduce the capacity of a shear wall. Compared to specimens with flush-driven nails, specimens with nails overdriven 1.6 mm suffered 5% loss in strength and gained 1% in displacement capacity. Specimens with nails overdriven 3.2 mm had strength and displacement capacity reduced by 12 and 22%, respectively. Specimens with nails overdriven 4.8 mm fared poorly; strength was reduced 24%, and displacement capacity was reduced 56%.
Introduction
Wood shear walls are the most prevalent lateral-force resisting system in houses and are very popular in low-rise commercial buildings in the United States. Historically, wood shear wall structures have fared very well in seismic events. The ability of a shear wall to deform and dissipate energy in a ductile fashion as it is subjected to lateral loading results in very good seismic performance. Loss of life due to the failure of a properly designed and constructed wood shear wall system is uncommon. Collapse of such a structure during an earthquake is equally rare.
The January 17, 1994 Northridge earthquake, however, proved that wood structures are prone to significant seismic damage when poor construction practices are prevalent ͑Hall 1996͒. Following the Northridge earthquake, three teams of engineers, primarily from the City of Los Angeles Department of Building and Safety and the Structural Engineers Association of Southern California ͑SEAOSC͒, scoured the shaken area and documented the damage to structures that occurred during the event. These teams were sponsored by the Earthquake Engineering Research Institute, the National Science Foundation, and the Federal Emergency Management Agency. The general consensus was that the structural damage incurred in wood buildings was due primarily to code deficiencies as well as poor engineering, construction, and/or inspection practices. Among the more prevalent structural deficiencies found in shear wall construction was overdriven sheathing nails.
Overdriven sheathing nails are one of the major structural deficiencies in wood shear walls that are constructed with pneumatic nail guns. A properly driven nail should have the top of the nail head flush with the surface of the sheathing material. If a nail is driven deeper than this ideal depth, the nail is considered to be overdriven. Conversely, if a nail is driven more shallow than this ideal depth, the nail is considered to be underdriven. These conditions are depicted in Fig. 1 . Gray and Zacher ͑1988͒ reported that in one wood-construction project the plywood shear walls had 80% of the nails driven to 3.2 mm or deeper below the sheathing surface. In the area of Northridge that was shaken by the earthquake, a large number of shear walls were found with over 50% of the nails overdriven. Shear walls with overdriven nails have reduced capacity as compared to those properly constructed with flush-driven nails ͑Hall 1996͒.
Pneumatically driven nails are commonly under-or overdriven because of the driving pin. Nail guns were originally manufactured to nail framing members together and to slightly overdrive the nails. The overdriving allowed members being nailed together to be ''pressed'' firmly and uniformly against each other. Nail guns are often accurate for some conditions, such as driving large 10d nails and 16d sinker. When thinner and shorter sheathing nails are used, however, the driving pin must be replaced with a shorter pin to prevent overdriving. Newer nail guns allow the drive depth to be adjusted at the nosepiece of the gun without replacing the driving pin.
In addition, nails are under-or overdriven because guns are not firmly held by the carpenter, framing members are not properly supported, or framing members have nonuniform density. If the carpenter does not hold the nail gun firmly, or if the framing member being nailed to is not properly supported ͑or is perhaps a slightly warped member͒, a certain amount of ''bounce'' will be introduced into the system. The energy lost due to the bounce will cause the nail to be underdriven. Nail guns automated the construction of wood structures. Thus, any practice that underdrives a nail disrupts this automatic procedure because the carpenter must then use a hammer to further drive the nail to a flush condition. Underdriving the nails is, therefore, a waste of time and is an avoided practice. Density of framing members varies along their length and varies from one member to another. If a particular framing member is less dense than another ͑which is very likely͒, the gun will overdrive the nails in the less-dense framing member. Thus, overdriving is a very common practice.
The nail-overdriving problem can be addressed through proper inspection and training. These solutions are appropriate and applicable to new construction; nevertheless, a significant number of existing structures cannot be easily fixed. To evaluate existing construction and even future construction that may be substandard due to overdriven nails, an engineer must have an understanding of the behavior and be able to determine the capacity of shear walls that have overdriven sheathing nails. The nailoverdriving problem will not be eradicated overnight, however.
The issue of pneumatically overdriven nails in wood shear walls has been previously addressed. Zacher and Gray ͑1985, 1989͒ and Gray and Zacher ͑1988͒ reported on 13 shear wall specimens and 15 overdriven nail wood joints. Nine wall specimens were constructed using a 9.5 mm CD plywood; the remaining four specimens were constructed using gypsum board and are not discussed further. Five of the nine plywood specimens were constructed with 8d common nails, while the other four specimens were assembled with staples. Two specimens were assembled with flush-driven nails and three with nails overdriven 3.2 mm. All nails were either flush driven or overdriven accordingly. Testing was conducted using a cyclic, displacementcontrolled loading sequence at 2.0 Hz. Plywood panels failed suddenly at deformation levels expected to occur in a strong earthquake, and the results indicated that the performance of wood shear walls with overdriven nails is unsatisfactory. According to Dolan ͑1999͒, ''These results were questioned by several people and never widely accepted.' ' Andreason and Tissell ͑1994͒ also investigated the effects of overdriven nails by testing 27 coupons and 5 shear walls. Testing, however was conducted using a monotonic loading procedure, which does not correlate well with the seismic response of structures. The coupon tests compared flush-driven common nails to common nails overdriven to four different depths in various thicknesses of plywood. The wall tests compared specimens with flush-driven common nails to shear walls with all nails overdriven by 3.2 mm. The shear wall specimens were sheathed with 12 mm APA rated plywood sheating or 11 mm APA rated oriented strand board ͑OSB͒ structural panels. The OSB specimens were assembled with 8d common nails, while the plywood specimens were assembled with 10d short nails. The results may correspond reasonably well to the maximum load-carrying capacity of a wall but not to the displacement capacity, since testing was conducted using a monotonic loading procedure ͑Dinehart and Shenton 1998͒.
Andreason and Tissell ͑1994͒ observed that overdriven nails reduced the capacity of the specimens. Capacity of the plywood specimens was reduced by 15%, while capacity of the OSB specimens was reduced by 13%. Adequate load factors, however, were retained by all five wall specimens tested. The conclusion from the study was that overdriving will not significantly affect the strength of a shear wall until at least 20-25% of the nails are overdriven, at which point a 3-4% reduction in ultimate load occurs as compared to walls with flush-driven nails. To remedy the problem in a wall with 20% of the perimeter nails overdriven 3.2 mm or with any nail overdriven more than 3.2 mm, the suggestion was that additional nails be driven at a rate of one extra nail for every two overdriven nails. The rationale to support this conclusion and recommendation was not apparent, since testing was conducted on wall specimens with all nails overdriven 3.2 mm. Furthermore, the recommendation did not address seismic issues of overstrength and the adverse effects additional strength of repaired wall may have on anchorage or adjacent structural elements. While increasing the strength of a shear wall may be acceptable for applied loading, such as wind, the additional strength can result in an unplanned failure mechanism for the structure.
More recently, Ficcadenti et al. ͑1996͒ studied the effects of overdriven 8d pneumatically driven box nails spaced at 64 mm on center along the edge and 305 mm on center along intermediate supports. The walls were sheathed with 9.5-mm-thick CDX plywood shear walls. The loading sequence used in the testing was a modification of the sequential phased displacement ͑SPD͒ procedure. Two specimens were built with flush-driven nails as control. Three additional specimens were built: one with 20% of the nails overdriven, one with 50% of the nails overdriven, and one with 80% of the nails overdriven. Two important factors must be considered when determining the appropriateness and applying the results of this testing program: the presumable randomness of the overdriven nail depth and the number of specimens tested. The exact depth of overdrive was not measured but was presumably random: a nail had to be driven at least 1.6 mm past flush to be considered overdriven. Furthermore, only one specimen was tested for each condition.
Ultimate average capacity of the specimens with 20, 50 and 80% of the nails overdriven were, respectively, 14, 7, and 4% greater than the average capacity of the walls with flush-driven nails. Because the specimens failed by nail withdrawal, a failure mode that overdriving does not adversely affect, these results are to be expected. These results lead to the inference that the deeper the nail is driven into the framing ͑to a certain extent͒, the higher the capacity, if the failure modes of nail pull through or tearing out are eliminated. The overdriven nail required more energy to fail ͑by withdrawal͒, thus increasing the wall capacity.
Research conducted to date on coupon and wall specimens with overdriven nails is, therefore, incongruous. Zacher and Gray ͑1985, 1989͒ and Gray and Zacher ͑1988͒ concluded that performance of wood shear walls with overdriven nails was not satisfactory; Andreason and Tissell ͑1994͒ concluded that overdriving will not significantly affect the strength of a shear wall until at least 20-25% of the nails are overdriven; and Ficcadenti et al. ͑1996͒ concluded that overdriven box nails may even increase the strength and displacement capacity of shear walls. Clearly, due to the many variables affecting the behavior of shear walls with overdriven nails, the investigations conducted so far are not sufficient. Furthermore, testing has not been performed with a level of accuracy that allows bounds to be set on the strength and displacement capacity of a shear wall with overdriven nails. To determine strength and displacement-capacity bounds, it is necessary to test variations of overdriven depth. A series of tests with 100% of the nails overdriven to certain depths have been conducted in this research, resulting in a ''worst-case'' condition for analysis. Objectives of the testing are to characterize the behavior and to determine limits on the strength and displacement capacity of shear walls with overdriven nails.
Construction Method and Materials
Eight 2.4ϫ2.4 m shear wall specimens, schematically shown in Fig. 2 , were built according to common construction practice. Studs were 38 by 89 mm net, surfaced dry No. 2 Douglas firLarch ͑DFL͒ spaced at 406 mm on center. Moisture content of the studs was measured immediately after each shear wall test. Those measurements indicated a moisture content varying from 9.7 to 11. Studs were attached to the top and bottom plates using two 3.3-mm-diameter by 78-mm-long ͑10d framing͒ nails driven through the plates into the end grain of the stud. End studs were doubled to allow the required uplift force to be transferred through the studs into a bolted hold down. The dual end studs were fastened together along their length with 10d framing nails at 102 mm on center.
The specimens were sheathed with two 11 mm rated sheating OSB structural panels. The panels were installed with the 2.4 m dimension parallel to the studs and were spaced 3.2 mm along the vertical joint at the center stud ͑APA 1980͒. The panels were attached to the framing members with pneumatically driven, 2.9-mm-diameter ϫ 60-mm-long ͑8d cooler͒ nails at 76 mm on center along the edges and 305 mm on center along intermediate supports. Bending yield strength of the 8d cooler nails was obtained by conducting several tests according to ASTM F 1575-95 ͑ASTM 1997͒. The average bending yield strength of the 8d cooler nails was 704,400 kPa. A nailing edge distance of 9.5 mm was maintained for all specimens. Two specimens were constructed for each of the following overdriven nail depths: flush driven, 1.6, 3.2, and 4.8 mm. To determine a lower bound on strength and displacement capacity, 100% of the sheathing nails in a given specimen were driven to the specified depth. The nail gun was set using an adjustable nose piece to underdrive the nails approximately 3.2 mm from their final desired depth. The slightly underdriven nails were then driven to their final depth using a hammer for the flush nails and a hammer and custom punch for the overdriven nails. Measurements taken after final nail placement found the nails to be within 0.4 mm of the desired depth.
Test Setup
The test frame with a specimen installed is schematically shown in Fig. 3 . The testing frame was designed with two main purposes: to ensure that a ''true'' horizontal force ͑or displacement͒ was applied to the specimen and to prevent out-of-plane motion of the specimen. The frame has a reaction unit and a loading unit. The reaction unit is assembled with wide-flange steel sections. A W12ϫ65 is used as the buttress column and two W8ϫ31 are used as braces. Steel plates are welded at each end of the braces and at the bottom of the buttress column. The braces are attached to the column with four 19 mm A325 steel bolts. The reaction unit is secured to the laboratory strong floor with three 35 mm dywidag bars.
The loading unit consists of two sidesway braces, a forceapplying system, and a force-resisting system. Each sidesway frame was designed as an adjustable ''H'' frame. Two W8ϫ31 wide flange sections are used as uprights. Two structural tubings, TS 6ϫ3ϫ3/8, connect the uprights and provide vertical support for the force-applying system. Two spacers are welded to the tubings, maintaining them parallel to each other and providing a sliding ''window'' for the force-applying system. Steel plates are welded at each end of the tubings and connected to each upright with four 19 mm A325 steel bolts. The double-tubing system can be attached to the uprights at different elevations according to the height of the specimen to be tested. Each upright is firmly secured to the structural floor with a 32 mm dywidag bar. The H frames are connected to each other with two L4ϫ4ϫ1/4 steel angles. Two 16 mm A325 steel bolts are used to attach each end of the steel angle to the top of the uprights.
The force-applying system was fabricated with two TS4ϫ2 ϫ3/8 structural tubes and a ST9ϫ27.35 structural tee. The tubes are parallel to each other and are connected with a steel plate at each end. The tubes straddle the stem of the ST section, which is set inverted ͑flange down͒. The tubes and the ST are connected at midlength. A 25 mm hardened steel pin fits through the tubes and through the stem of the ST, which has a vertical slotted hole at that location. The single-pin slotted connection allows for wall rotation and uplift while maintaining the load in the horizontal direction. Force is always applied horizontally because the tubes are restrained from out-of-plane and vertical motion by the H braces. To provide a smooth riding for the tubes, the two sliding windows in the H braces are dressed with nylon pads to reduce the friction generated by the confinement.
Two steel channels, C8ϫ18.75, serve as the force-resisting system, or foundation. The channels are stacked and welded together along their length. The flanges of the channels are perpendicular to the structural floor, and the webs are parallel. The web of the top channel provides the flat surface needed for specimen connection. The channels are securely attached to the structural floor by two 38 mm dywidag bars at each end. The doublechannel unit has been drilled with holes at 203 mm on center along its length, and nuts are welded to the bottom channel at hole locations. Two additional holes are provided in the unit for hold down attachment.
The hydraulic actuator is attached to the buttress column and to one of the ends of the force-applying system. All dywidag bars have been posttensioned to attach the testing frame firmly to the structural floor. The testing frame has been aligned horizontally and vertically to a tolerance of 3.2 mm.
The loading sequence of a wall specimen is as follows: the actuator applies force ͑or displacement͒ to the tubes of the forceapplying system. The tubes transfer the force through the 25 mm hardened steel pin to the inverted ST section, which is attached to the specimen with bolts. A nonslip 3M™ tape has been applied to the bottom of the inverted ST section to provide a high coefficient of friction between the steel and the wood. The wall specimen is attached to the double steel channel force-resisting system with steel bolts. The nonslip 3M™ tape has also been applied to the top face of the double steel channels. Excessive uplift of the wall specimen is prevented by two AHD15A hold downs ͑Advanced Connector Systems Catalog 1999͒ that attach the double end studs of the specimen to the double steel channel force-resisting system. The force is finally transferred to the structural floor through the dywidag bars securing the double steel channel force-resisting system.
For this testing, an 89 kN hydraulic actuator with 162 mm stroke was used. Specimens were attached to the ST with 22 Grade 5, 13 mm bolts, which were tightened with an air-impact wrench. At the double steel channel force-resisting system, specimens were attached with 25 mm A325 steel bolts placed at 406 mm on center. Each AHD15A hold down was attached to the double end studs with 25 mm A325 steel bolts and to the double steel channel force-resisting system with a 32 mm, all-threaded rod. No additional vertical load was applied to the specimens.
A PC-based data acquisition system recorded load, displacement, and time data for the tests. Eleven linear variable differential transducers positioned on and around the specimen and testing frame monitored various specimen and frame displacements. In addition, a linear-motion transducer ͑or string pot͒ independently measured the total lateral displacement at the top of the shear wall. Load was measured with the load cell from the hydraulic actuator. Measurements were recorded at a rate of 50 samples/s.
Test Method
The specimens were tested using the sequential phased displacement ͑SPD͒ loading procedure ͑Structural Engineers Association of Southern California 1997͒. The procedure is a fully reversed, displacement-controlled protocol and is based on the first major event ͑FME͒ of the specimen. The FME is defined as the first significant limit state to occur during a test. In other words, the FME is an event that marks the transition of the test specimen from one behavior state to another, whereas the second structural behavior is altered significantly from the first. The FME for the testing was a specified displacement established from the current literature and a preliminary test. Dinehart and Shenton ͑1998͒ tested several wall specimens with similar material characteristics and used 19 mm as the displacement corresponding to the FME. A preliminary test of a specimen with flush-driven nails was conducted using 19 mm as the displacement corresponding to the FME. Based on the results of the preliminary test and given the fact that the specimens to be tested could have smaller capacity due to overdriven nails, the displacement corresponding to the FME was reduced to 18 mm.
The SPD protocol is not flawless. There are some concerns that the protocol causes nail fatigue during testing of shear walls, which has not been observed during earthquakes ͑Ficcadenti et al. 1996; Karacabeyli and Ceccotti 1998͒. Another concern is the determination of the displacement corresponding to the FME. Although that displacement should be determined through tests, there are no specific guidelines, except that it is the displacement corresponding to the first significant limit state to occur during the test. Thus, the selected FME displacement is usually influenced by the judgment of the individual research conducting the experiments. The Consortium of Universities for Research in Earthquake Engineering ͑CUREE͒ protocol ͑Krawinkler et al. 2000͒ addresses these limitations. Current research ͑Uang et al. 2000͒ is being conducted to determine loading-protocol effects on the response of wood shear walls. Forthcoming results should significantly aid in determining the appropriate loading protocol to be used in future shear wall tests.
The SPD loading procedure is shown in Fig. 4 . The procedure consists of 72 cycles of displacement. The cycles are a series of multiples of the displacement corresponding to the FME and start with groups of three cycles, each group representing 25, 50, and 75% of the FME displacement. The procedure, then, is a repeated pattern of seven cycles. The leading cycle of the pattern is a multiple of the FME displacement. Next, three trailing cycles, one cycle each at 75, 50, and 25% of the amplitude of the leading cycle, is applied. The last three cycles of the pattern are at the same amplitude as the leading cycle. This pattern continues until the leading cycle corresponds to 400% of the FME displacement or the applied force diminishes to 25% of the peak force ͑strength limit state͒. Cycling is preferred to be at 1.0 Hz throughout the testing procedure; however, 0.2 Hz is acceptable during the larger displacements cycles. The actual cycling rate for the testing ranged from 0.6 Hz ͑for small amplitude displacements͒ to 0.3 Hz ͑for large amplitude displacements͒ due to test equipment limitations.
Observations

General Trend
At the beginning of the tests, the two sheathing panels rotated independently of each other in a rigid body motion. Further into the tests, the 3.2 mm gap between the sheathing panels ͑along the vertical joint at the center stud͒ closed up at the top, and the rotation of the panels started to be restrained by bearing and friction at that location. At the bottom of the panels, the gap did not close.
The sheating panels did not sustain any noticeable damage except in the direct vicinity of the nails. The first noticeable damage to the specimens was usually tearing out of one of the four lower corners of a sheathing panel. There was then a progressive failure ͑unzipping͒ along any given edge of the same panel, starting at one of the corners and progressing away from that corner. The unzipping would progress to the point that one or both sheathing panels were totally detached from the studs along two of the edges. Unzipping was more accentuated for the specimens assembled with nails overdriven 3.2 and 4.8 mm as compared to those assembled with flush-driven and 1.6 mm overdriven nails. The pattern also developed earlier in the loading sequence as the overdriven depth increased.
Nail Failure
Four modes of nail/sheathing failure were observed during the tests: pull through ͑the nail head pulled through the thickness of the sheathing͒, tear out ͑the nail tore through the edge of the sheathing͒, withdrawal ͑the nail withdrew from the framing member without tearing the sheathing͒, and fatigue ͑the nail fatigued and fractured͒. The nails judged to still have significant capacity on completion of the testing sequence were classified as slightly damaged ͑e.g., a nail that withdrew only 0.8 mm͒. For the purpose of discussion and because of the difficulties associated with distinguishing between some modes of failure ͑as they are often closely related͒, the pull-through, tear-out, and pull-tear ͑combi-nation of the pull-through and tear-out͒ modes are grouped together. The average percentage of nails failing by each mode for each overdriven nail depth is shown in Fig. 5 .
Specimens assembled with nails overdriven to any depth displayed predominantly pull-through, tear-out, and pull-tear modes ͑or a combination thereof͒, while those assembled with flushdriven nails displayed a fairly uniform array of failure modes. Occurrence of these modes increased from approximately 28% for the specimens with flush-driven nails to about 58% for the specimens with nails overdriven 3.2 mm. A decrease in occurrence of these modes was observed for specimens with nails overdriven 4.8 mm. The decrease, however, is not significant and may be due simply to the difficulties associated with distinguishing between modes of failure as nails are highly overdriven. For the specimens with flush-driven nails, approximately 20% of the nails experienced fatigue. As the overdriven nail depth increased from flush to 4.8 mm, that percentage decreased almost linearly to 0%. Nail withdrawal was uncommon and was only seen in specimens with flush-driven nails. The percentage of slightly damaged nails increased from approximately 38% for those specimen with flushdriven nails to about 46% for specimens assembled with nails overdriven 4.8 mm.
The trends shown in Fig. 5 are helpful in understanding nail behavior. The first trend observed is that nails pull through, tear out, or pull tear as overdriven depth increases from flush to 4.8 mm. These modes of failure have been observed during earthquakes in shear walls with flush-driven nails, an indication that the sheating is the limiting factor on the capacity of the wall ͑the sheathing is failing, not the nails͒. This problem is accentuated as nails are overdriven. The panel thickness is essentially reduced by overdriving the nails, virtually eliminating the possibility of the panel developing the full strength of the nails.
Another trend observed is that nail withdrawal is eliminated and nail fatigue decreases as overdriven nail depth increases. Nail withdrawal is eliminated because more energy is required to withdraw the deeper overdriven nail, and the nail-head holding capacity is decreased. Since the sheathing is tearing out prematurely, nail withdrawal is eliminated. Nail fatigue is significantly reduced and even eliminated, because the effective thickness of the panel with overdriven nails is too thin, and the nail tears out the sheathing before it is worked to its fatigue strength. Table 1 . The specimen designation is listed in column 1; the overdriven nail depth ͑OD͒ is given in column 2. The overdriven nail depth for the specimens with flush-driven nails, FLUSH-1 and FLUSH-2, is zero.
Results
A summary of results is presented in
The effective initial stiffness (K eff ͒ of each specimen is listed in column 3 of Table 1 . Effective initial stiffness was calculated using Eq. ͑1͒
where P 1,pull ϭforce corresonding to the displacement peak of the first cycle during pulling of the specimen, ⌬ 1,pull , and P 1,push ϭforce corresponding to the displacement peak of the first cycle during pushing of the specimen, ⌬ 1,push . In column 4, the average effective initial stiffness (K E ) for each series of tests ͑FLUSH-1 and FLUSH-2, etc.͒ is given. A slight increase in initial stiffness is observed as the nail overdriven depth increases. Overdriven nails densify the sheathing panel under the nail head, which contributes to an increased initial stiffness. In addition to the sheathing consolidation, the behavior of a nail becomes more and more like that of a short cantilever beam as the nail overdriven depth increases. Comparatively, the nails in the specimens with flush-driven nails behaved like long cantilever beams, while the nails in the specimens with nails overdriven 4.8 mm behaved like short cantilever beams. Initial stiffness should, therefore, increase as nail overdriven depth increases, because a larger force would be required to deform ''short cantilevered nails'' than to deform ''long cantilevered nails'' to the same displacement level. A slight increase in initial stiffness was observed for the specimens tested. Such an increase would be even more noticeable, except that the bearing strength of the sheathing panel became the controlling factor as the nail overdriven depth increased, offsetting the expected increase in stiffness. Due to overstress of the panels, nail tear-out or edge failure of the sheathing panel became dominant as nail overdriven depth increases. This trend is clearly shown in Fig. 5 .
Maximum load ( P max ) for each specimen is listed in column 5 of Table 1 . P max is simply the maximum measured load for a test, regardless of loading direction ͑push or pull͒. P max for each series of tests is within a 10% range, indicating that the testing was accurate and highly predictable and that a third test per series was not required ͑Structural Engineers Association of Southern California 1997͒. In column 6 of Table 1 , the ultimate load ( P ult ) for each series of tests is given. P ult is the average of P max for each specimen for each configuration. A reduction in P ult is observed for all specimens with overdriven nails. As compared to the ultimate load of the specimens with flush-driven nails, reductions due to overdriving were 6, 12, and 24% for the specimens with nails overdriven to depths of 1.6, 3.2, and 4.8 mm, respectively. Given that these are maximum expected reductions ͑100% of the sheathing nails in a specimen were driven to the specified depth͒, the reduction for specimens with nails overdriven 1.6 mm is not significant. For specimens with nails overdriven more than 1.6 mm, however, reductions in strength may seriously compromise structural integrity.
Critical displacements (␦ cri ), which correspond to displacements at maximum loads ( P max ), are listed in column 7 of Table  1 . For the purpose of this paper, the displacement at failure is defined as the critical displacement. In column 8, the average critical displacement (⌬ C ) for each series of tests is given. In column 9, displacement-capacity ͑͒ values are given. Displacement capacity was calculated by dividing ⌬ C by the FME displacement ͑18 mm͒, which may be thought of as the ''yield'' displacement.
Specimens with flush-driven nails and nails overdriven 1.6 mm exhibited similar behavior. The near-identical behavior of these specimens is clearly evidenced by the hysteresis curves shown in Figs. 6͑a and b͒. Both specimens with flush-driven nails were able to sustain deformations equal to 350% of the FME displacement while still carrying an average of 81% of the maximum load during the leading cycle at that displacement level. The specimens with nails overdriven 1.6 mm were also able to sustain deformation equal to 350% of the FME displacement; however, the load of the leading cycle at that displacement level dropped slightly more-63% of the maximum load. For these four specimens, significant damage was not observed until the specimens were subjected to the leading cycle of 350% of the FME displacement. Failure occurred shortly after that leading cycle.
Significant reductions in displacement capacity were observed for specimens with nails overdriven 3.2 mm or more. The observed reductions were approximately 22% for the specimens with nails overdriven 3.2 mm and 56% for the specimens with nails overdriven 4.8 mm. As shown in Fig. 6͑c͒ , specimens with nails overdriven 3.2 mm were able to sustain the maximum load for several cycles before a sharp decrease in load occurred. In contrast, as Fig. 6͑d͒ shows, specimens with nails overdriven 4.8 mm reached the maximum load much earlier in the load sequence and sustained that load for only two or three cycles. Failure was sudden and accompanied by an immediate reduction in loadcarrying capacity.
Displacement Capacity and Failure Modes
The displacement capacity of a shear wall derives from the synergy between the sheathing panels and nails. Lateral cyclic load is applied to a shear wall via the top plates. As cyclic load is applied, the top sheathing nails bend and deform as they transfer the load to the sheathing panels. As the sheathing panels deform ͑pri-marily as rigid bodies͒, the load is transferred to the bottom sheathing nails as they also bend and deform. Load is then transferred to the bottom plates by the nails. The capacity of the shear wall to displace or deform in plane continuously originates from the bending of the nails. In an optimum ductile shear wall system, sheathing nails and panels would fail simultaneously. In an actual system, however, displacement capacity is limited by yielding or withdrawing of nails or by the tearing of the panels.
The bearing length of nails on the panels and the bearing strength of the sheathing panels are critical factors on shear wall displacement capacity. Due to overstress of the panels and consequent premature panel tear out, the specimens with overdriven nails were unable to reach the displacement levels of those with flush-driven nails. These specimens failed earlier in the loading sequence as nail overdriven depth increased. The increasing percentage of nails tearing out of the sheathing ͑as shown in Fig. 5 for increasing nail overdriven depth͒ is a clear indication that displacement capacity decreases with overdriven nail depth. This happens simply because once a tear out occurs, that nail is no longer effective in resisting load or dissipating energy.
Nail yielding and withdrawal are ductile modes of failure, while nail pull through and tear out are nonductile. Specimens with flush-driven nails and with 1.6 mm overdriven nails had a significant number of fatigued and withdrawn nails. These types of failures allowed significant bending and yielding of the nail before failure, accounting for the higher displacement capacity of these two specimen types. As the nail overdriven depth increased, there was a marked increase in the nonductile failure modes ͑pull through and tear out͒ and a decrease in the more ductile failure modes ͑withdrawal and yielding͒. Along with this nail-failure trend follows a significant loss in displacement capacity. At the extreme, virtually all nails in the specimens with the nails overdriven 4.8 mm that failed did so in pull through or tear out, 
Shear Wall Capacity
The target design load (V ner ), shown in column 10 of Table 1 , was calculated using the National Evaluation Report No. 272, Table  19 for 11 mm APA Rated Sheathing, DFL studs, and 2.8-mmdiameter ϫ 60-mm-long nails ͑National Evaluation Service Committee 1997͒. Footnote 11 of Table 19 was used accordingly. Load factors (LF ner ), given in column 11 of Table 1 , have been computed by dividing P ult by V ner . The target uniform building code ͑UBC͒ design load (V ubc ), calculated using the uniform building code ͑ICBO 1997͒, is shown in column 12 of Table 1 . The UBC design load was computed using the shear value from Table 23 -II-I-1 for 11 mm structural panels meeting the UBC Standard 23-2 or 23-3 with 8d common or galvanized nails at 76 mm on center at edges. Footnote No. 4 was also used. UBC load factors (LF ubc ), listed in column 13 of Table 1 , were computed by dividing P ult by V ubc . Recent literature suggests that a load factor between 2.5 and 3.0 is adequate for wood shear walls during normal loading conditions ͑Ficcadenti et al. 1996; Tissell 1996͒. Dinehart and Shenton ͑1998͒ suggest that a load factor of 2.0 is probably adequate to prevent the loss of life in the event of an earthquake. The fact that load factors calculated using the NER-272 (LF ner ) are within these limits would prevent loss of life during an earthquake. Significant structural as well as architectural damage may occur, however, especially for walls with nails overdriven more than 3.2 mm. Although UBC load factors (LF ubc ) are shown in Table 1 , these do not apply. UBC shear values require the use of common wire nails, whereas the nails used in this research were 8d cooler nails. These values are shown, notwithstanding, because UBC shear values are often used in the design of shear walls, even if, during construction, cooler nails are wrongfully substituted ͑Jones and Fonseca 2000͒. Such an oversight in the design/construction process would result in seriously low load factors that are inadequate to prevent loss of life during an earthquake, even for walls with properly driven nails.
The capacity of a shear wall must be attributed to its ability to resist both load and deformation. Load factors are indicators of how much load a shear wall can actually carry when compared to the design load. Load factors along are misleading because they do not account for the ability of the shear wall to resist deformation. During an earthquake, deformation demands may be greater than load demands. In this case, a shear wall with nails overdriven 3.2 mm may fail-not because it could not carry the load, but because it could not sustain the imposed deformation. By simply reducing the load a shear wall with overdriven nails can carry without careful consideration of deformation characteristics, the shear wall overall capacity may be significantly overestimated. In fact, a properly constructed shear wall with the same loadcarrying capacity as the reduced load capacity may have remarkably higher deformation capabilities. 
Estimation of Target Design Shear in Walls with Fraction of Nails Overdriven
The proposed method is based on the assumption that the reduction in ultimate load of a shear wall is linear with respect to ͑a͒ the overdriven nail depth and ͑b͒ the percentage of overdriven nails. Assumption ͑a͒ is supported by the results presented in this paper ͑see Fig. 7͒ . Although reasonable, assumption ͑b͒ must be validated. The results presented in this paper are from tests conducted with all nails overdriven to the same depth. Thus, it is necessary to investigate the effects of overdriven-nail-depth combinations on the strength of shear walls since overdriven-nail depth is stochastic.
Ultimate load for each series of tests and a straight line connecting the two extreme points are shown in Fig. 7 . The reduction in ultimate load decreases approximately linearly as the overdriven-nail depth increases. Eq. ͑2͒ is the equation of the straight line
where t eff ϭeffective panel thickness ͑actual panel thickness minus the overdriven depth͒. This linear relationship slightly underestimates the ultimate load of the specimens with nails overdriven 1.6 and 3.2 mm. For a shear wall constructed with similar materials as described herein and with overdriven nails, the target design shear can be approximated using the linear relationship as follows:
Step 1: Group the nails into different categories according to their overdriven depth using 1.6 mm increments. Determine the percentage, from the total number of nails in the wall, for each overdriven-depth group.
Step 2: Estimate the lower-bound load for a 2.4ϫ2.4 m shear wall using the largest overdriven-nail depth. This is a lower bound because it assumes all nails are overdriven to that depth.
Step 3: For each overdriven-depth group, calculate an equivalent percentage of nails corresponding to the largest overdrivendepth group. This is accomplished by dividing the percentage of nails at each actual overdriven depth by the ratio of the largest overdriven depth to the actual overdriven depth.
Step 4: Calculate total equivalent percent of overdriven nails.
Step 5: Estimate the ultimate load for the 2.4ϫ2.4 m shear wall using the linear interpolation function given by Eq. ͑3͒ P ult ϭ35.7Ϫ͑35.7Ϫ27.7͒/100*͑percent calculated in step 4͒ (3)
Step 6: Calculate the target design shear by dividing the estimate ultimate load by the load factor given in Table 1 for walls with flush-driven nails and by 2.4 m.
Example
Determine the target design shear for a wall sheathed with 11 mm OSB with 8d cooler nails at 76 mm on center at panel edges. Approximately 30% of the nails are overdriven 1.6 mm, 20% of the nails are overdriven 3.2 mm, and 8% of the nails are overdriven 4.8 mm. Studs are 38ϫ89 mm Douglas Fir-Larch.
Step 1: Make sure nails are already grouped and percentages are already computed.
Step 2: Estimate the lower-bound load using 4.8 mm overdriven-nail depth ͑the deepest overdriven depth͒. This is calculated as shown in Eq. ͑4͒ P ult ϭ1.67t eff Ϫ17.2ϭ1.67͑11.1Ϫ4.8͒ϩ17.2ϭ27.7 kN (4)
Step 3: For each overdriven depth, find an equivalent percentage corresponding to the deepest depth.
Equivalent percent for nails overdriven 1.6 mm ϭ 30/͑4.8 mm/ 1.6 mm͒ϭ10.00
Equivalent percent for nails overdriven 3.2 mm ϭ 20/͑4.8 mm/ 3.2 mm͒ϭ13.33
Step 4: Calculate total equivalent percent of overdriven nails. Equivalent percent of nails overdriven 4.8 mm ϭ 10ϩ13.33 ϩ8ϭ31.33
Step 5: Estimate the ultimate load for the 2.4ϫ2.4 m shear wall using Eq. ͑3͒. This is calculated as shown in Eq. ͑5͒ P ult ϭ35.7Ϫ͑35.7Ϫ27.7͒/100*31.33ϭ33.2 kN (5)
Step 6: Calculate the target design shear. This is accomplished as shown in Eq. ͑6͒ ,200/͑2.6*2,400͒ϭ5.3 N/mm (6) This value corresponds to a reduction of 8.5% from the target design shear for the wall if it were properly constructed.
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Conclusions
Eight 2.4ϫ2.4 m shear wall specimens sheathed with 11 mm oriented strand board structural panels were tested to determine the effects of overdriven sheathing nails on the wall capacity. All specimens were tested using the sequential phased displacement ͑SPD͒ loading procedure ͑Structural Engineers Association of Southern California 1997͒. Specimens were assembled with four nail-driven depths: flush, 1.6, 3.2, and 4.8 mm. Based on the results of the testing, the following conclusions can be made: 1. During cyclic loading, such as those caused by ground motions or strong winds, a shear wall with overdriven nails will not have the same displacement and strength capacity as a properly constructed shear wall. 2. Walls with nails overdriven up to 1.6 mm will exhibit similar behavior as those with flush-driven nails. Initial stiffness will slightly increase, displacement capacity will essentially remain the same, and strength will be only slightly reduced. 3. Displacement capacity must be considered when evaluating shear walls with the nails overdriven 3.2 mm or more. Com- pared to specimens with flush-driven nails, specimens with nails overdriven 3.2 and 4.8 mm recorded losses in displacement capacity of 22 and 56%, respectively. Thus, due to the random nature of overdriven depth that can be anticipated in field construction of shear walls, significant reduction in displacement capacity can be expected when nails are highly overdriven. 4. Capacity of shear walls with any significant percentage of nails overdriven more than 1.6 mm will be seriously compromised. Although calculated load factors are adequate to prevent loss of life during an earthquake or strong wind event, deformation demands may surpass strength demands. In this case, shear walls with nails overdriven more than 3.2 mm may fail because they cannot sustain the imposed deformations. Additional testing and analysis are necessary to determine an acceptable percentage of shear wall nails that are overdriven 3.2 and 4.8 mm. Furthermore, it is necessary to investigate the effects of overdriven-nail-depth combinations on the strength of shear walls since overdriven-nail depth is stochastic. 5. Capacity of shear walls constructed with plywood panels that have overdriven nails may be more seriously compromised than those constructed with OSB. Larger reductions in wall strength, stiffness, and displacement capacity may be observed due to the layered configuration, lower density, and orientation of the grain ͑in each of the layers͒ of the plywood panel. A comprehensive testing and analysis program is necessary to determine the effects of overdriven sheathing nails on plywood shear wall capacity. 6. Capacity of shear walls constructed with any percentage of nails, overdriven to any depth, may be seriously compromised if incorrect values are used to calculate target design ͑allowable͒ shear. The engineer must ensure that the materials used in construction are those specified or, alternately, use the values for design that correspond to materials that will actually be used.
